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Nucleocytoplasmic transport: Inside out regulation
Anita K. Hopper
Cells can respond to extracellular signals by
redistributing transcription regulators between the
nucleus and cytosol. Recent findings in budding yeast
indicate that the nuclear transport receptor Msn5p
mediates the nuclear export of several transcription
regulators after their phosphorylation in the nucleus.
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Cells respond to their environment via signaling cascades
that often result in an effect on gene expression. The
induction or repression of gene transcription enables the
cell to respond appropriately by altering growth patterns
and/or pathways that metabolize nutrients. The cellular
response will be more rapid if the proteins that regulate
transcription are synthesized constitutively and their activ-
ities inhibited until they are needed, rather than if the
response requires de novo synthesis of these proteins. Reg-
ulating the activity of constitutively synthesized transcrip-
tion factors can be achieved in a number of ways; one
strategy used by eukaryotic cells is to retain these proteins
in the cytosol, away from the nuclear genes that they regu-
late. And, given that cells must be able to turn responses
on and off as conditions change (see [1,2] for reviews),
environmental stimuli can regulate both the nuclear
import and export of transcription factors. Recent studies
have provided insight into how the budding yeast Saccha-
romyces cerevisiae regulates the subcellular localization of
transcription factors to ensure a rapid response to certain
environmental stimuli.
During the response of S. cerevisiae to four different envi-
ronmental stimuli — high levels of phosphate, an
alternative carbon source, low calcium, and relief from
stress — transcription regulators become redistributed from
the nucleus to the cytosol. Several recent studies have
shown that the nuclear export of these transcription regu-
lators is dependent on a member of the importin β family
of nuclear transport receptors [3] termed Msn5p. This
has been shown for the transcriptional regulator Pho4p,
which is involved in the response to phosphate [4,5], and
as reported by De Vit and Johnston [6] in this issue of
Current Biology, it is also true of Mig1p, which is involved
in the response to changing carbon source. Msn5p is also
likely to mediate nuclear export of the transcriptional
regulators Crz1p ([7]; M. Cyert, R. Polizotto and L. Bous-
tany, personal communication), which is involved in calcium
signaling and Msn2p and Msn4p, which are involved in
stress response (see [8] for a review). 
The mechanism of the Msn5p-dependent nuclear export
of these transcriptional regulators is beginning to be
revealed (Figure 1). Nuclear protein export is usually
specified by nuclear export sequences (NESs), which are
often simple, linear amino acid sequences, such as the
leucine-rich motif recognized by the export receptor
Crm1p [9–11]. In contrast, Msn5p appears to recognize
protein regions of considerably different primary sequence,
and phosphorylation of the target proteins may be impor-
tant. There is precedence for the involvement of phospho-
rylation in regulating the distribution of proteins between
the nucleus and cytosol; for example, nuclear localization
sequences can be masked or unmasked by phosphoryla-
tion, or interactions with proteins responsible for cytosolic
retention or nuclear import can be altered. It is now appar-
ent that the Msn5p-mediated nuclear export of at least
two transcriptional regulators, Pho4p and Mig1p, is depen-
dent upon their phosphorylation. I shall focus on the
recently emerging mechanisms for Pho4p, Mig1p, and
Crz1p nuclear export. Information concerning Msn2p and
Msn4p has been recently reviewed [8].
Pho4p nuclear export 
The transcription activator Pho4p is required for the
response to phosphate depletion. When extracellular phos-
phate levels are limiting, Pho4p is transported to the
nucleus where it induces the transcription of genes
required for phosphate uptake by the cell. Nuclear import
of Pho4p is mediated by Pse1p [12], a member of the
importin β receptor family [3]. When phosphate levels are
abundant, Pho4p rapidly (3–6 minutes) relocates to the
cytosol [4]. Phosphorylation of Pho4p is necessary for its
export to the cytosol [4,5]; it is phosphorylated by a nuclear
complex, termed Pho80–Pho85, of a cyclin (Pho80p) bound
to a cyclin-dependent kinase (Cdk; Pho85p). Msn5p seems
to be required for Pho4p nuclear export: in cells lacking
Msn5p, Pho4p remains in the nucleus whether or not phos-
phate is supplied [4]. 
Biochemical studies bolster the evidence for this role of
Msn5p, as it has been shown that Pho4p and Msn5p physi-
cally interact, and Msn5p binds only to phosphorylated
Pho4p [4]. The Pho80–Pho85 complex phosphorylates
Pho4p at multiple serine residues; phosphorylation of two
of the sites (termed sites 2 and 3) is necessary and suffi-
cient for the nuclear export of Pho4p [5]. Phosphorylation
of a third site (site 4) prevents nuclear import of Pho4p
by inhibiting its interaction with Pse1p. This means that
phosphorylation acts both to redistribute the nuclear
pool of Pho4p to the cytosol and to prevent the nuclear
import of cytosolic Pho4p [5]. Moreover, phosphorylation
of Pho4p at a fourth site (site 6) prevents its interaction
with Pho2p, a co-activator required for transcription
induction by Pho4p, so that any residual nuclear Pho4p is
prevented from activating transcription. Therefore, the
regulation of Pho4p transcriptional activity is mediated at
several phosphorylation-dependent steps. The phos-
phatase that presumably acts upon Pho4p in the cytosol
awaits identification.
Mig1p nuclear export 
Glucose is the preferred carbon source for yeast. The
genes involved in alternative carbon source metabolism
are not transcribed when glucose is provided in the media
(see [13] for a review), and the transcription of these
genes is repressed by a mechanism involving the DNA-
binding protein Mig1p. The subcellular distribution of
Mig1p is regulated by carbon source [14]. Mig1p is
cytosolic in cells growing in alternative carbon sources,
allowing transcription of genes involved in metabolising
these carbon sources. When cells are provided with
glucose, the cytosolic Mig1p rapidly (< 5 minutes) relo-
cates to the nucleus so that the genes involved in alterna-
tive carbon source metabolism can be repressed. Mig1p
nuclear import appears to be regulated by its phosphory-
lation state, as import depends upon Reg1p, a regulatory
subunit of protein phosphatase I (PPI) [13,14]. The
importin responsible for Mig1p nuclear import has not
been identified.
Alternative carbon sources promote a rapid relocation of
Mig1p to the cytosol and, like Pho4p, it appears that
phosphorylation of Mig1p is important for its nuclear
export. There is evidence that the protein kinase Snf1p
regulates nuclear export of Mig1p by directly phosphory-
lating it. Mutations in SNF1 cause constitutive repres-
sion of the genes involved in alternative carbon source
utilization and also cause Mig1p to be located in the
nucleus in both the presence and absence of glucose
[14]. Also, Mig1p is phosphorylated in a manner depen-
dent on the carbon source and on Snf1p [13]. Further-
more, mutation of four serines in Mig1p, which are
thought to be phosphorylated by Snf1p, results in consti-
tutive repression of Mig1p target genes and in the major-
ity of Mig1p remaining in the nucleus [6]. The smallest
region of Mig1p that can be exported from the nucleus is
96 amino acids. This surprisingly large region contains
two of the four putative sites phosphorylated by Snf1p.
Nevertheless, all four phosphorylation sites seem impor-
tant for the correct localization of Mig1p, as they have
additive contributions towards the location of the
endogenous protein [6].
Several lines of evidence indicate that Msn5p serves as
the exportin for Mig1p. First, MSN5 was identified as a
multi-copy suppressor of snf1 mutants [15], consistent
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Figure 1
Models for the mechanism of
nucleus–cytosol exchange for the
transcription factors Pho4p, Mig1p and
Crz1p. In the cytosol, the signals that induce
nuclear import of the transcription factors are
indicated above the arrows. Interaction with
importin β family members depends upon the
transcription factor being dephosphorylated,
and the protein phosphatases responsible, if
known, are indicated below the arrows. In the
nucleus, the signals that induce export are
indicated above the arrows. In each case
export is dependent upon Msn5p. For Pho4p
and Mig1p, interactions with Msn5p depend
upon phosphorylation and the relevant
kinases are indicated below the arrows. For
Crz1p it is not known whether its
interactions with Nmd5p or Msn5p are direct
or, if so, whether they depend upon the
phosphorylation status of Crz1p . For
simplicity, the Ran GTPase, known to
participate in the exchange of Pho4p [12], at
least, is not shown. Ovals designate
transcription regulators; rectangles designate
members of the importin β family. Pi, inorganic
phosphate; PPI, protein phosphatase I.
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with its role in Snf1p-dependent nuclear export. Second,
the majority of Mig1p is located in the nucleus in msn5
mutant cells whether or not glucose is supplied and
whether or not Snf1p is active [6]. These data indicate
that Msn5p acts downstream of Snf1p. Third, a region of
Mig1p that includes the NES interacts with Msn5p in
the yeast two-hybrid system [6]. These studies support
the model that Msn5p serves as the exportin for phos-
phorylated Mig1p, although neither a direct biochemical
interaction between Msn5p and Mig1p nor an effect of
Mig1p phosphorylation upon the two-hybrid interaction
have been reported. As the Mig1p NES has no apparent
sequence similarity to the region of Pho4p that is phos-
phorylated by Pho80–Pho85, it is possible that Msn5p
interacts with a particular secondary structure of a phos-
phorylated protein.
Curiously, a Mig1p target gene is derepressed normally
in msn5 mutant cells grown in alternative carbon sources.
This indicates that Mig1p function must be regulated by
an additional mechanism that prohibits nuclear pools of
the protein from repressing transcription. It seems likely
that phosphorylation plays a role in inhibiting the activity
of residual nuclear Mig1p, because mutation of the four
serines of Mig1p that are thought to be phosphorylated
by Snf1p causes Mig1p to become a constitutive repres-
sor [6]. This is reminiscent of the function of the Pho4p
phosphorylation at site 6, which inhibits the activity of
residual nuclear pools of Pho4p [5], and again indicates
that there are multiple and distinct phosphorylation-
dependent mechanisms of regulation. 
Crz1p nuclear export 
Crz1p is a transcriptional activator that plays a critical
role in calcium signaling [16,17]. As for Pho4p and
Mig1p, Crz1p activity is mediated, at least in part, via
regulation of its subcellular location [7]. Under standard
growth conditions Crz1p is located in the cytosol; in
media supplied with elevated calcium Crz1p rapidly
locates to the nucleus. This nuclear localization is tran-
sient, as within 60–90 minutes Crz1p becomes cytosolic
again. The distribution of Crz1p between the nucleus
and cytosol is dependent upon calcineurin, a calcium-
and calmodulin-dependent protein phosphatase [7].
Nmd5p, another member of the importin β family of
nuclear transport receptors [3], functions in Crz1p
nuclear import, and Msn5p is probably responsible for
Crz1p nuclear export (M. Cyert, R. Polizotto and L.
Boustany, personal communication). The role of Crz1p
phosphorylation in nuclear export is unknown, but dele-
tion of a 46 amino acid region of Crz1p appears to
prevent phosphorylation of Crz1p and results in part of
the cellular pool of Crz1p relocalizing to the nucleus [7].
Future studies should reveal whether Msn5p directly
interacts with Crz1p and, if so, whether it recognizes a
phosphorylated form of Crz1p.
Conclusions 
It is now clear that both the nuclear import and export of
transcription factors can be regulated. Regulating the dis-
tribution of transcription factors between the nucleus and
cytosol functions to allow the appropriate responses to
environmental stimuli, although other mechanisms regu-
lating transcription factor activity can work in parallel.
Msn5p may be a transport receptor dedicated to the export
of phosphorylated regulatory proteins from the nucleus to
the cytosol. It may recognize a phosphorylated secondary
structure rather than a simple linear NES. Although
Msn5p is not essential, it is likely to function in signaling
pathways in addition to those that are activated in response
to phosphate, carbon source, calcium and stress, because it
was independently isolated as the ste21 mutation involved
in the yeast mating response and functions in the nuclear
export of Far1p, a protein required for the mating
response [18,19]. MSN5 was also isolated as a multicopy
suppressor of a pseudohyphal growth mutant [20]. It will be
interesting to learn in which other metabolic pathways
Msn5p participates and whether the cargo that Msn5p
exports must always be phosphorylated. Another interest-
ing issue is the identity of kinases in addition to
Pho80–Pho85 and Snf1p that function in modifying nuclear
proteins so that they are able to interact with Msn5p.
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